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Abstract 
The complex development of crystals found in the crystallization of a SiO2-Al2O3-CaO-Na2O 
glass has been explained using Differential Thermal Analysis. The crystal growth process has 
been studied using isoconversional, invariant kinetic parameters and master plots methods. The 
applied kinetic models have revealed activation energy values that are over 360 kJ/mol and 385 
kJ/mol by employing the integral and differential kinetic methods, respectively. The 
crystallization process schedule that was previously observed by scanning electron microscopy 
has been corroborated in this study using the kinetic methods. The crystallization of 
wollastonite occurs through a complex two-stage mechanism, with early three-dimensional 
growth of crystals (A3 mechanism) on the surface of glass particles followed by one-
dimensional growth of needles (A3/2 mechanism) towards the interior of grains. The results 
presented in this paper are in agreement with a previous paper that employed the Kissinger non-
isothermal method and the Ligero approximation. 
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1. Introduction 
Glass-ceramics are materials that contain small crystals embedded in a glassy matrix. The 
key to improving and controlling the final properties of these materials lies in the shape of and 
the way these crystals are developed in the parent glass. The most common way to produce a 
glass-ceramic is through a controlled crystallization process that involves two steps: nucleation 
and crystal growth. In the former, small nuclei are developed on the surface and/or in the bulk 
glass; and in the latter, these nuclei, or small crystals, grow to a suitable size.  
The SiO2-Al2O3-CaO system is one of the most known and studied for glass-ceramics 
production,
1
 as base glasses of this system are suitable for producing glass-ceramics with 
wollastonite (CaO·SiO2) as the main crystalline phase, according to a mechanism of controlled 
surface crystallization. At temperatures above 950ºC, base glasses of this system exhibit the 
crystallization of β–wollastonite on the surface, and at 1000ºC, wollastonite begins to grow as 
needles from the edge to the interior of the bulk glass. If the temperature rises to 1180ºC, 
spherical crystals of –wollastonite can also be formed.  
Wollastonite is the main crystalline phase of the commercial material known as Neoparies®, 
which is manufactured from pure raw materials. This material is the first glass-ceramic 
employed as construction material in building applications. The main characteristics of glass-
ceramic materials include their wide range of compositions and the possibility of developing 
heterogeneous microstructures, which implies a lack of restriction in the amount of oxides that 
can be incorporated. This feature affords the possibility of using the glass-ceramic process for 
wastes valorization. In fact, the flexibility of this process is evidenced by the variety of mineral 
or industrial wastes that have been used as raw materials for the production of glass-ceramics,
2,3
 
and these wastes include fly ashes from incineration
4,5
 and thermal power plants,
6
 wastes from 
hydrometallurgical processing plants,
7
 fibreglass wastes from polyester matrix composites,
8
 and 
rice husk ash.
9
 An advantage of including wastes in the production of glass-ceramic materials is 
the lower cost compared to using pure, raw materials. Moreover, wastes usually content in their 
chemical composition minor components, which when incorporated into a glassy network can 
act as nucleating agents favouring the crystallization process.
10,11
 
Previously, Teixeira et al.
12
 have shown that a wollastonite glass-ceramic, similar to 
Neoparies®, could be prepared using sugarcane bagasse ash as a silica source, thereby 
demonstrating the possibility of using waste valorization to develop suitable final properties for 
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the industrial construction sector. They concluded that the crystallization of wollastonite occurs 
through a complex mechanism during heating. The results obtained by differential thermal 
analysis (DTA) indicated that bi-directional surface crystallization is the main route for glass 
devitrification. However, the kinetic study concluded that bulk crystallization occurs through 
the three-dimensional growth of crystals and is the principal mechanism for wollastonite 
formation. Finally, scanning electron microscopy (SEM) micrographs revealed that both 
processes occur simultaneously, i.e., crystallization began with the early surface crystallization 
of three-dimensional crystals that were subsequently transformed into needles (one-dimensional 
growth). The incomplete information obtained from the kinetic methods used in the former 
paper requires the need for a wider kinetic study that employs complex models that could 
explain the coexistence of both surface and bulk mechanisms during a single crystallization 
process. 
The most commonly used methods for the kinetic analysis of solid state reactions are the 
non-isothermal methods. There are several ways to study reactions under non-isothermal 
conditions. The activation energy is generally determined as a function of the reacted fraction, 
without using any previous assumptions in the kinetic model fitted to the reaction, by using 
isoconversional methods. Isokinetic methods assume that the transformation mechanism is the 
same throughout the temperature and time range of interest and that the kinetic parameters are 
supposed to be constant with respect to time and temperature. Master plots are well-known 
theoretical curves that depend on the reaction model and are independent of the Arrhenius 
parameters. The appropriate reaction model can be selected by comparison the experimental and 
theoretical master plots. 
The Isokinetic Relationship (IKR) and Invariant Kinetic Parameters (IKP) methods have 
been widely applied to the study of the decomposition of aromatic azomonoethers,
13
 polymer 
curing,
14
 polymerization of poly(ester amide) potassium salt
15
 nickel oxide reduction study,
16
 
and even to crystallization of silica-soda-lead glass
17
 and mullite development.
18
 
The aim of the present work is to determine the kinetics parameters for the crystallization 
process of a wollastonite base glass. During this study, the isoconversional (integral and 
differential methods), IKR and IKP methods were utilized. The experimental data were fit to 
integral and differential master plots, and finally, the present results are compared with those 
that were previously obtained using the Kissinger and Ligero methods.
12
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2. Experimental 
 
2.1. Materials and Methods 
The wollastonite base glass studied here belongs to the SiO2-Al2O3-CaO-Na2O system, and 
its preparation and chemical composition have been described by Teixeira et al.
12
  
Differential thermal analysis (DTA) was performed using a SETARAM Labsys Thermal 
Analyzer. The samples were analyzed in platinum crucibles with calcined Al2O3 as a reference 
material from room temperature to 1523 K at heating rates of 5, 10, 20, 30, 40 and 50 K·min
-1
. 
The obtained data were analyzed using the Friedman
19
 and Kissinger-Akahira-Sunose
20,21 
isoconversional methods; the IKR, IKP, and the integral and differential master plots as it is 
described below. 
 
2.2. Kinetic methods 
 
2.2.1. Isoconversional methods 
The employed isoconversional methods are based on dynamic DTA. The equation for the 
reaction rate used to study the degree of crystallization can generally be expressed as: 
 dα/dt=k(T)·f(α).                                                                                                                    (1) 
 
where α is the extent of the reaction, k(T) is the rate constant expressed by the temperature-
dependent Arrhenius equation and f(α) is the reaction model function. Taking into account that 
under non-isothermal conditions, dα/dt = (dα/dT), where  -1), Eq. 
(1) can be rewritten as: 
 
                                                                                               (2) 
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where T is the temperature, A is the pre-exponential factor, R is the gas constant, and Ea is 
the activation energy, which is independent of conversion.  
By taking the logarithm of each side of Eq. (2), the Friedman differential isoconversional 
method is obtained: 
 
and the rate equation can be expressed in its integral form as: 
 
 
Assuming that the p-Doyle function [22], p(Ea/RT), can be expressed using the Murray and 
White approximation [23], the Kissinger-Akahira-Sunose (KAS) model-free method can be 
originally obtained by applying: 
In this case, the method does not require knowledge of the conversion-dependent functions 
(f(α α)), and the only assumption is that the process follows the same reaction mechanism 
for a given degree of conversion, regardless of the crystallization temperature. 
 
2.2.2. Model fitting methods 
These methods obtain the kinetic parameters with a single heating rate. In this work, the 
following methods have been employed: 
- the integral method, known as the Coats-Redfern (C-R) method:
24
 
- the differential method (D), which is based on Eq. (3): 
                                                                                                (3) 
 
                                                                                     (4) 
                                                                                              (5) 
 
                                                                                                     (6) 
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For a given model (see Table 1 in [18]) and heating rate, the linear plot of the left-hand sides vs. 
T
-1
 permitted the determination of Ea and A from the slope and the intercept, respectively. 
 
2.2.3. Compensation effect 
The activation energy and the pre-exponential factor may be combined due to the so-called 
compensation effect or isokinetic relationship (IKR) through:
25,26 
 
 
where α* and β* are constants and the subscripts, x, refer to a factor that produces a change in 
the Arrhenius parameters (conversion, heating rate and model). The intercept, α* = Ln kiso, is 
related to the isokinetic rate constant (kiso), and the slope, β
*
 = 1/RTiso, is related to the isokinetic 
temperature (Tiso). The appearance of the IKR indicates that only one mechanism is present, 
whereas the existence of parameters that do not agree with the IKR implies that there are 
multiple reaction mechanisms.
26
 
According to certain authors,
25
 we may select the model whose IKR, in relation to the 
conversion, has the best linear correlation and in which the associated Tiso value was near the 
experimental temperature range. 
 
 
2.2.4. Invariant kinetic parameters method (IKP) 
The IKP method
27,28
 is based on the observation that the experimental curve, α(T), could be 
approximately correct when described by several conversion functions. By using the apparent 
                                                                                                          (7) 
 
                                                                                                                 (8) 
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compensatory effect that exists when the model changes for each heating rate (βv, v = 1, 2, 3...), 
the compensation parameters, αv
*
 and βv
*
, are determined according to Eq. (8). A set of 
conversion functions, fj, where j = 1, 2, 3..., are also considered (Table 1 in reference 18). For 
each heating rate, βv and the pairs (Avj, Evj) that are characteristic of each conversion are 
determined using an integral or differential method. In this work, the integral method suggested 
by C-R (Eq. (6)) and the differential method based on Eq. (7) will be used. 
A plot of Ln[g(α)/T2] vs. 1/T for a given form of g(α) (Table 1) should be a straight line 
formed from the parameters LnA and (-Ea/R). 
Using the apparent compensation effect relationship, the compensation parameters (α*v, β
*
v) 
are determined for each heating rate. The intersection point of the straight lines corresponds to 
the true values of A and E. These were called the invariant parameters (Ainv, Eainv) by 
Lesnikovich and Levchnik,
27,28
 as they are independent of the conversion, the model and the 
heating rate. The evaluation of the invariant activation parameters is performed from the 
supercorrelation: 
 
The straight line, αv
*
 vs. βv
*
, allows us to determine the invariant kinetic parameters (Eainv and 
Ainv) from the slope and intercept. 
It has been reported that the values of the invariant conversion function are proportional to 
their true values.
29,30
 Therefore, the IKP method aims to determine the invariant parameters 
independent of the kinetic model; comparing the invariant parameters to those obtained using 
other methods also allows us to determine which kinetic model is better for describing the 
process. 
 
 
2.2.5. Master plots 
Recently, the as-known master plots are becoming increasing employed for the 
determination of the reaction models for solid-state reactions. The master plots are curves of the 
                                                                                                          (9)  
 
Juan M. Pérez, Silvio R. Teixeira, Jesús Ma. Rincón, Maximina Romero, Understanding the 
crystallization mechanism of a wollastonite base glass using isoconversional, IKP methods and master 
plots. Journal of the American Ceramic Society, 95(2012) 3441-3447; doi: 0.1111/j.1551-
2916.2012.05415.x 
 
 
 
theoretical function of the reaction model and are independent of the Arrhenius parameters. The 
experimental kinetic data can easily be transformed into master plots, and the comparison 
between the theoretical and the experimental master plot leads to the selection of the appropriate 
reaction model, or at least, the appropriate type of kinetic model. There are two types of master 
plots: differential and integral. From Eq. (3) and Eq. (4), for differential and integral plots, 
respectively, using a reference at point α = 0.5, the following equations are obtained: 
 
 
 
 
where ; p(x) has been obtained in the present paper according to the Senum-
Yang approximation.
31
 The plot of f(α)/f(0.5) versus α corresponds to the differential theoretical 
master plot, and the plot of g(α)/g(0.5) versus α corresponds to the integral theoretical master 
plot (details can be found in references 32,33]). Information regarding the temperature as a 
function of α and the value of Ea must be known in advance to construct the experimental 
master plots for a given heating rate (Further explanation can be found in references 32-36). 
 
3. Results and discussion 
As previously mentioned, Teixeira et al.
12
 have studied the crystallization of a wollastonite 
base glass using the Kissinger and Ligero methods.
37
 In the present paper, the same data from 
the original experiments have been reassessed, and Ea and LnA have been determined using 
several kinetic methods, specifically the isoconversional (KAS and Friedman) model fitting for 
a single, linear single heating rate, the IKR method employed under f(α) and heating rate 
variations, and the IKP method used with the integral and differential methods. Once the Eainv 
and LnAinv parameters were obtained by using the IKP method, master plots were used to fit the 
experimental data using several functions of conversion. 
                                                                                                               (10) 
                                                                                                                       (11) 
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3.1. Isoconversional methods 
Figure 1 shows the variation of the activation energy with the degree of crystallization, ( ). 
From this figure, it can be observed that the KAS and Friedman methods yield Ea values that are 
somewhat different over all  ranges, although they are on the same order of magnitude. These 
differences may be because the models are derived from different calculations of Eq. (2), as 
reported by other authors.
14
 All Ea values determined from both methods exhibit standard errors 
lower than 10%. However, the results obtained using the Friedman method resulted in larger 
errors than those from the KAS method, as the way Ea is obtained from the Friedman method is 
more sensitive to noise from DTA thermograms.
36
 The shapes of the Ea curves depicted from 
the two models are rather different, which could indicate the existence of more than one 
crystallization mechanism that fits the experimental results.  
 For the KAS method, the Ea values are approximately constant for  = 0.15 - 0.80, whereas 
for the Friedman method, Ea can be considered constant in the range of 0.1 - 0.45. Nevertheless, 
the curves in Figure 1 exhibit a similar trend. The first part, where Ea is constant, indicates that 
crystallization occurs through a single mechanism; then, the change in Ea with increasing  
reveals that the crystallization reaction changes to a multiple step mechanism. The mean 
activation energy values that are determined in the intervals where Ea is constant are EaKAS = 
357 ± 6 kJ·mol-1 and EaFriedman = 386 ± 5 kJ·mol
-1
. Both values are in agreement with those 
reported by Teixeira et al.
12
 from application of the Kissinger and Ligero methods (374 and 378 
kJ/mol). 
It was shown in Fig. 1 that Ea is independent of the degree of crystallization in the range of 
0.15-0.80 for the KAS and 0.05-0.45 for the Friedman methods. Model-fitting, IKR and IKP 
have been applied across those intervals. 
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Figure 1. Variation of activation energy with crystallization degree obtained by Friedman and KAS 
isoconversional methods. 
 
3.2. Model-fitting methods 
Table 1 a) and b) provides the results after application of the integral Coats-Redfern (C-R) 
(Eq. (6)) and the differential (D) (Eq. (7)) methods, respectively. It can be observed that a wide 
variety of results depend on the applied mechanism. If the collected Ea values shown in Table 1 
are compared with those determined previously using the isoconversional methods (357 and 386 
kJ·mol-1), the function that yields a better fit to the experimental results corresponds to the 
Avrami mechanism, A2, for both the C-R and D methods. Nevertheless, the Ea values that were 
determined from the DTA thermograms using different heating rates vary noticeably, which 
indicates that the wollastonite crystallization process cannot be adjusted to any of the 
mechanisms shown in Table 1. Therefore, these results suggest that there should be a more 
complex mechanism for the explanation of the crystallization process 
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Table 1a. Integral parameters determined by using C-R (Eq. (6)) and the differential (Eq. (7)) methods 
 Heating rate 
 β = 5 ºC/min  β = 10 ºC/min β = 20 ºC/min 
Model Ea (kJ/mol) Ln A (s-1) r2  Ea (kJ/mol) Ln A (s-1) r2  Ea (kJ/mol) Ln A (s-1) r2 
A3/2 451.05 ± 5.26 47.94 ± 9.33 0.9847  505.48 ± 8.54 53.87 ± 10.16 0.9723  448.68 ± 7.63 47.32  ± 9.94 0.9670 
A2 333.75 ± 3.95 34.78 ± 8.90 0.9843  374.51 ± 6.40 39.43 ± 9.64 0.9716  331.81 ± 5.72 34.65 ± 9.45 0.9661 
A3 216.46 ± 2.64 21.50 ± 8.35 0.9834  243.53 ± 4.27 24.86 ± 9.01 0.9701  214.95 ± 3.82 21.84 ± 8.84 0.9641 
A4 157.81 ± 1.98 14.75 ± 7.99 0.9824  178.04 ± 3.21 17.47 ± 8.61 0.9686  156.52 ± 2.87 15.34 ± 8.45 0.9619 
R1 488.15 ± 10.21 51.60 ± 10.54 0.9524  540.22 ± 14.68 57.21 ± 11.37 0.9312  479.85 ± 12.71 50.21 ± 10.99 0.9235 
R2 579.46 ± 9.31 61.31 ± 10.35 0.9714  645.01 ± 14.02 68.24 ± 11.26 0.9548  573.27 ± 12.30 59.81 ± 10.91 0.9485 
R3 613.17 ± 8.90 64.74 ± 10.26 0.9766  683.82 ± 13.68 72.16 ± 11.19 0.9615  607.87 ± 12.06 63.21 ± 10.87 0.9556 
D1 994.42 ± 20.42 107.31± 12.36 0.9541  1098.87 ± 29.35 117.76 ±13.66 0.9334  978.49 ± 25.41 103.22 ± 13.03 0.9262 
D2 1107.50 ±19.51 119.41 ± 12.21 0.9658  1228.32 ± 28.79 131.45 ±13.58 0.9479  1093.88 ± 25.10 115.15 ± 12.99 0.9415 
D3 1244.47±17.78 133.36 ± 11.93 0.9772  1386.07 ± 27.36 147.44 ± 13.37 0.9625  1234.52 ± 24.12 128.99 ± 12.84 0.9569 
D4 1152.80 ± 18.95 123.02 ± 12.12 0.9701  1280.47 ± 28.33 135.73 ± 13.51 0.9533  1140.37 ± 24.79 118.72 ± 12.94 0.9472 
F1 685.64 ± 7.89 74.06 ± 10.03 0.9851  767.44 ± 12.80 82.58 ± 11.03 0.9729  682.41 ± 11.44 72.49 ± 10.75 0.9679 
F2 437.02 ± 6.81 47.43 ± 9.76 0.9731  507.44 ± 6.11 55.16 ± 9.57 0.9857  450.07 ± 4.44 48.55 ± 9.06 0.9886 
F3 892.18 ± 13.62 99.09 ± 11.21 0.9741  1033.30 ± 12.23 113.74 ± 10.92 0.9862  918.91 ± 8.89 99.98 ± 10.22 0.9891 
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Table 1a.bis. Integral parameters determined by using C-R (Eq. (6)) and the differential (Eq. (7)) methods 
 Heating rate 
 β = 30 ºC/min  β = 40 ºC/min β = 50 ºC/min 
Model Ea (kJ/mol) Ln A (s-1) r2  Ea (kJ/mol) Ln A (s-1) r2  Ea (kJ/mol) Ln A (s-1) r2 
A3/2 495.08 ± 9.44 52.38 ± 10.34 0.9646  497.46 ± 9.78 52.48 ± 10.40 0.9638  487.04 ± 9.40 51.14 ± 10.31 0.96134 
A2 366.58 ± 7.08 38.56 ± 9.80 0.9636  368.32 ± 7.34 38.71 ± 9.86 0.9629  360.47 ± 7.05 37.75 ± 9.78 0.96033 
A3 238.08 ± 4.72 24.62 ± 9.14 0.9617  239.19 ± 4.90 24.81 ±  9.19 0.9609  233.90 ± 4.70 24.23 ± 9.13 0.95817 
A4 173.83 ± 3.54 17.55 ± 8.73 0.9597  174.62 ± 3.67 17.76 ± 8.78 0.9588  170.61 ± 3.53 17.37 ± 8.72 0.95584 
R1 525.90 ± 15.47 55.19 ± 11.47 0.9195  527.88 ± 16.01 55.22 ± 11.54 0.9180  517.32 ± 15.20 53.84 ± 11.39 0.9146 
R2 630.10 ± 15.08 65.87 ± 11.40 0.9453  632.79 ± 15.61 65.89 ± 11.48 0.9442  619.98 ± 14.89 64.18± 11.34 0.94132 
R3 668.74 ± 14.83 69.67 ± 11.36 0.9527  671.72 ± 15.36 69.68 ± 11.43 0.9517  658.05 ± 14.68 67.85± 11.30 0.94897 
D1 1070.73 ± 30.94 112.71 ± 13.79 0.9222  1074.84 ± 32.02 112.50 ± 13.92 0.9207  1053.88 ± 30.40 109.55 ± 13.67 0.91747 
D2 1199.31 ± 30.69 125.95 ± 13.76 0.9379  1204.24 ± 31.78 125.71 ± 13.88 0.9367  1180.55 ± 30.25 122.36 ± 13.65 0.93376 
D3 1356.41 ± 29.65 141.42 ± 13.62 0.9539  1362.53 ± 30.72 141.18 ± 13.74 0.9530  1335.35 ± 29.35 137.32± 13.52 0.95038 
D4 1251.23 ± 30.36 130.06 ± 13.71 0.9438  1256.56 ± 31.44 129.82 ± 13.84 0.9427  1231.71 ± 29.97 126.30 ± 13.61 0.93988 
F1 752.08 ± 14.16 79.82 ± 11.24 0.9654  755.72 ±14.67 79.84 ± 11.32 0.9647  740.19 ± 14.09 77.73 ± 11.20 0.96232 
F2 505.53 ± 4.88 54.57 ± 9.19 0.9907  509.65 ± 5.01 54.86 ± 9.23 0.9907  497.62 ± 4.32 53.33 ± 9.00 0.99193 
F3 1029.98 ± 9.77 111.52 ± 10.40 0.9910  1038.38 ± 10.03 111.80 ± 10.45 0.9910  1014.48 ± 8.65 108.57 ± 10.15 0.99222 
 
Table 1b. Differential parameters determined by using C-R (Eq. (6)) and the differential (Eq. (7)) methods 
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 Heating rate 
 β = 5 ºC/min  β = 10 ºC/min β = 20 ºC/min 
Model Ea (kJ/mol) Ln A (s-1) r2  Ea (kJ/mol) Ln A (s-1) r2  Ea (kJ/mol) Ln A (s-1) r2 
A3/2 538.92 ± 6.52 53.84 ± 0.73 0.9864  559.78 ± 12.20 56.04 ± 1.34 0.9678  1086.46 ± 54.22 113.95 ± 5.91 0.9639 
A2 387.36 ± 6.25 36.89 ± 0.70 0.9761  357.91 ± 10.78 33.86 ± 1.18 0.9402  416.07 ± 11.21 39.96 ± 1.21 0.9419 
A3 235.81 ± 5.98 19.83 ±0.67 0.9430  156.05 ± 9.38 11.56 ± 1.03 0.7976  240.80 ± 10.67 20.92 ± 1.15 0.8567 
A4 160.03 ± 5.84 11.21 ± 0.65 0.8886  55.12 ±8.68 0.33 ± 0.95 0.3597  153.16 ± 10.40 11.31 ± 1.12 0.7174 
R1 651.48 ± 12.64 66.03 ± 1.41 0.9658  698.96 ± 22.72 70.94 ± 2.49 0.9311  715.93 ± 19.51 71.95 ± 2.11 0.9406 
R2 746.76 ± 9.83 76.11 ± 1.11 0.9840  831.23 ± 18.87 84.89 ± 2.07 0.9652  828.91 ± 16.15 83.57 ± 1.74 0.9688 
R3 778.51 ± 8.90 79.29 ± 0.99 0.9879  875.32 ± 17.59 89.37 ± 1.93 0.9725  866.57 ± 15.04 87.27 ± 1.62 0.9751 
D1 1469.88 ± 16.81 156.41 ± 1.88 0.9878  1784.10 ± 34.80 189.03 ± 3.82 0.9741  1659.87 ± 25.73 172.75 ± 2.78 0.9800 
D2 1560.81 ± 14.24 166.00 ± 1.59 0.9922  1910.13 ± 31.31 202.29 ± 3.44 0.9815  1767.57 ± 22.69 183.80 ± 2.45 0.9862 
D3 1656.57 ± 11.43 175.32 ± 1.28 0.9955  2043.10 ± 27.41 215.51 ± 3.01 0.9876  1881.14 ± 19.34 194.68 ± 2.09 0.9911 
D4 1593.05 ± 13.28 168.14 ± 1.49 0.9935  1954.92 ± 29.98 205.75 ± 3.29 0.9838  1805.82 ± 21.55 186.47 ± 2.33 0.9880 
F1 842.03± 7.07 87.57 ± 0.79 0.9934  963.50 ± 15.03 100.23 ± 1.65 0.9832  941.89 ± 12.83 96.58 ± 1.38 0.9845 
F2 1032.57 ± 2.60 109.11 ± 0.29 0.9994  1228.04 ± 7.50 129.53 ± 0.82 0.9974  1167.84 ± 6.58 121.22 ± 0.71 0.9973 
F3 1223.12 ± 5.48 130.64 ± 0.61 0.9981  1492.57 ± 2.66 158.82 ± 0.29 0.9998  1393.79 ± 4.12 145.85 ± 0.44 0.9993 
 
Table 1b. bis.  Differential parameters determined by using C-R (Eq. (6)) and the differential (Eq. (7)) methods 
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 Heating rate 
 β = 30 ºC/min  β = 40 ºC/min β = 50 ºC/min 
Model Ea (kJ/mol) Ln A (s-1) r2  Ea (kJ/mol) Ln A (s-1) r2  Ea (kJ/mol) Ln A (s-1) r2 
A3/2 597.75 ± 14.12 59.58 ± 1.51 0.9634  624.29 ± 14.94 62.15 ± 1.59 0.9641  587.15 ± 16.18 57.91 ± 1.70 0.9495 
A2 393.22 ± 12.86 37.68 ± 1.38 0.9321  418.60 ± 13.77 40.31 ± 1.47 0.9342  379.57 ± 14.78 36.05 ± 1.55 0.9039 
A3 188.70 ± 11.60 15.67 ± 1.24 0.7948  212.91 ± 12.61 18.35 ±  1.34 0.8139  172.00 ± 13.37 14.07 ± 1.41 0.7014 
A4 86.43 ± 10.98 4.58 ± 1.17 0.4729  110.06 ± 12.02 7.28 ± 1.28 0.5603  68.21 ± 12.67 3.00 ± 1.33 0.2856 
R1 735.60 ± 24.80 73.94 ± 2.65 0.9282  767.94 ± 25.72 77.01 ± 2.73 0.9320  724.85 ± 27.01 72.02 ± 2.84 0.9113 
R2 871.20 ± 20.71 87.88 ± 2.22 0.9630  901.80 ± 21.49 90.65 ± 2.28 0.9644  863.58 ± 23.00 86.05 ± 2.42 0.9527 
R3 916.40 ± 19.35 92.35 ± 2.07 0.9706  946.42 ± 20.08 95.02 ± 2.13 0.9716  909.82 ± 21.66 90.55 ± 2.28 0.9618 
D1 1833.61 ± 36.11 190.34 ± 3.86 0.9743  1874.49 ± 36.59 193.37 ± 3.88 0.9758  1838.24 ± 39.08 188.13 ± 4.11 0.9693 
D2 1962.76 ± 32.40 203.59 ± 3.47 0.9818  2002.08 ± 32.74 206.34 ±  3.47 0.9829  1970.31 ± 35.45 201.45 ± 3.73 0.9778 
D3 2099.08 ± 28.27 216.79 ± 3.02 0.9878  2136.64 ± 28.47 219.24 ±  3.02 0.9886  2109.78 ± 31.40 214.75 ± 3.30 0.9847 
D4 2008.68 ± 30.99 207.04 ± 3.32 0.9841  2047.40 ± 31.29 209.69 ± 3.32 0.9851  2017.29 ± 34.07 204.94 ± 3.58 0.9804 
F1 1006.80 ± 16.65 103.20 ± 1.78 0.9817  1035.67 ± 17.28 105.67 ± 1.83 0.9822  1002.30 ± 19.00 101.46 ± 2.00 0.9755 
F2 1278.01 ± 8.75 132.46 ± 0.94 0.9968  1303.40 ± 9.14 134.33 ± 0.97 0.9968  1279.75 ± 11.14 130.91 ±1.17 0.9947 
F3 1549.21 ± 3.60 161.73 ± 0.39 0.9996  1571.13 ± 4.03 162.99 ± 0.43 0.9996  1557.20 ± 4.41 160.36 ± 0.46 0.9994 
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3.3. IKR method 
Table 2 shows the correlation parameters from applying Eq. (8) to each mechanism for all 
heating rates. As previously explained, the values of Tiso can be obtained from the slope, β
*
. The 
most appropriate mechanism for the explanation of the crystallization process will be the one 
whose Tiso was within the devitrification experimental range as shown from the original DTA 
thermogram (800-950ºC). Additionally, the fit must have a good regression coefficient (R
2
 > 0.9) 
using the proposed mechanism.
14,25
 The integral results (Table 2a) show that the temperatures, 
Tiso, for the A3/2, A2, Rn and Fn mechanisms are in the same range as experimental results; 
therefore, there is more than one mechanism that can fit the crystallization process. In the case of 
differential values (Table 2b), the mechanisms that best fit Tiso are An. These results also confirm 
that the crystallization occurs through a complex mechanism. 
 
Table 2a. Integral isokinetic parameters determined from Eq. (8) for different reaction 
mechanism. 
Model α* (min-1) β* (mol/kJ) r2 Tiso (ºC) 
A3/2 -2.8416 ± 3.3063 0.1114 ± 0.0068 0.9817 806.5 
A2 -2.5033  ± 0.7012 0.1119 ± 0.0019 0.9985 802.0 
A3 -2.2251 ± 2.1596 0.1125 ± 0.0092 0.9673 795.8 
A4 -2.1193 ± 3.3575 0.1128 ± 0.0197 0.8647 792.9 
R1 -0.9180 ± 3.8588 0.1068 ± 0.0075 0.9757 853.3 
R2 0.6546 ± 5.8856 0.1036 ± 0.0096 0.9586 887.6 
R3 1.1205 ± 6.5832 0.1026 ± 0.0101 0.9533 898.8 
D1 6.6228 ± 16.7912 0.0994 ± 0.0161 0.8819 936.9 
D2 9.0797 ± 19.0171 0.0977 ± 0.0163 0.8755 957.4 
D3 11.4652 ± 21.4915 0.0961 ± 0.0163 0.8714 978.6 
D4 8.8737 ± 19.8477 0.0971 ± 0.0163 0.8739 965.0 
F1 4.1205 ± 8.0102 0.1008 ± 0.0110 0.9436 920.2 
F2 1.0560 ± 2.0367 0.1058 ± 0.0042 0.9922 863.7 
F3 12.3848 ± 9.3041 0.0962 ± 0.0094 0.9540 976.7 
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Table 2b. Differential isokinetic parameters determined from Eq. (8) for different reaction 
mechanism 
Model α* (min-1) β* (mol/kJ) r2 Tiso (ºC) 
A3/2 -6.4436 ± 0.8699 0.1107 ± 0.0013 0.9994 813.4 
A2 -4.2251 ± 0.6018 0.1063 ± 0.0015 0.9990 858.2 
A3 -4.0816 ± 1.2098 0.1035 ± 0.0060 0.9837 888.5 
A4 -4.3957 ± 0.7539 0.1012 ± 0.0067 0.9786 915.0 
R1 6.0225 ± 4.0315 0.0922 ± 0.0056 0.9816 1032.1 
R2 7.5432 ± 4.7039 0.0920 ± 0.0056 0.9818 1034.5 
R3 7.7268 ± 4.9480 0.0921 ± 0.0056 0.9818 1032.8 
D1 20.5662 ± 11.3857 0.0924 ± 0.0065 0.9757 1028.4 
D2 21.2722 ± 12.0472 0.0927 ± 0.0065 0.9763 1024.2 
D3 21.2478 ± 12.7430 0.0930 ± 0.0064 0.9768 1020.5 
D4 20.2632 ± 12.2805 0.0928 ± 0.0064 0.9765 1022.9 
F1 9.9191 ± 5.4452 0.0924 ± 0.0056 0.9817 1028.5 
F2 12.9976 ± 6.9401 0.0932 ± 0.0057 0.9816 1017.0 
F3 16.0591 ± 8.4151 0.0938 ± 0.0057 0.9816 1009.4 
 
 
Table 3 shows the integral and differential compensation parameters determined from 
applying Eq. (8) to the data in Table 1a and b. At each heating rate, the mechanisms that resulted 
in better fits to the experimental results have been considered for calculations. In this case, all of 
the Tiso values are within the experimental wollastonite crystallization range, and furthermore, the 
regressions are better than those presented in Table 2. 
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Table 3. Values of integral and differential compensation parameters calculated from data in Table 1. 
 Integral  Differential 
β (ºC/min) α* (min-1) β* (mol/kJ) Tiso (ºC) r
2
  α* (min-1) β* (mol/kJ) Tiso (ºC) r
2
 
5 -1.5752 ± 0.7013 0.1093 ± 0.0009 827 0.9991  -5.6905 ± 0.5156 0.1100 ± 0.0005 821 0.9997 
10 -0.8423 ± 0.7175 0.1078 ± 0.0009 843 0.9992  -4.9631 ± 0.4694 0.1085 ± 0.0004 836 0.9998 
20 -0.3125 ± 0.7163 0.1057 ± 0.0010 865 0.9989  -4.1696 ± 0.6798 0.1064 ± 0.0006 857 0.9996 
30 0.1546 ± 0.7240 0.1050 ± 0.0009 872 0.9991  -3.8704 ± 0.4805 0.1057 ± 0.0004 865 0.9998 
40 0.4258 ± 0.7259 0.1042 ± 0.0009 882 0.9991  -3.5644 ± 0.4858 0.1048 ± 0.0004 874 0.9998 
50 0.6132 ± 0.7240 0.1032 ± 0.0009 892 0.9990  -3.4066 ± 0.4753 0.1040 ± 0.0004 884 0.9998 
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Taking the data collected in Tables 2 and 3 into account, it can be observed that the IKR 
method is unable to establish an appropriate model for this crystallization process.  
3.4. IKP method 
The invariant kinetic parameters obtained from Table 3 by applying Eq. (9) are Eainv = 386 ± 
20 kJ/mol and Ln Ainv = 37 ± 2 for the differential model and Eainv = 362 ± 23 kJ/mol and Ln Ainv 
= 38 ± 2 for the integral model. It can be seen that both Eainv and Ln Ainv determined from the 
integral and differential models are similar. 
The Eainv and LnAinv values are in agreement with those reported in the previous paper
12
 and 
are also similar to the values calculated for model A2 (Table 1). 
 
3.5. Master Plots 
Master plots have been drawn to verify the model, or models, results in better fits to the 
experimental results. Figure 2 shows the results of the differential master plot from the 
application of Eq. (10). The theoretical curves drawn (A3/2, A2 and F1) are those that yielded the 
best fits to experimental data. For degrees of crystallization lower than 0.5, the experimental 
curve depicts a trend similar to the Avrami (A3/2 and A2) theoretical curves, whereas at higher 
conversion degrees, the mechanism that yield the best fit is F1, which indicates a first order 
reaction that is coincident with the Avrami mechanism for surface crystallization. These results 
disagree with those previously obtained using the isoconversional Friedman method. In Fig. 1, the 
Ea determined from the Friedman method is constant in the range of 0.05-0.45, whereas the 
master plot (Fig. 2) shows an unfitted Avrami-like mechanism. For  > 0.45, the F1 mechanism 
results in a better fit in the master plot, but Fig. 1 shows that this range corresponds to a multiple-
step mechanism. Therefore, the wollastonite crystallization mechanism cannot be obtained by 
applying the Friedman method and differential master plot together. 
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Figure 2. Theoretical (lines) differential master plots of f(α)/f(0.5) vs. α and the experimental master 
curve (symbols). 
 
Figure 3 presents the integral master plot obtained by applying Eq. (11). Similar to Fig. 2, only 
the theoretical curves that resulted in better fits (A3/2, A2, A3 and F1)) are shown along with the 
experimental results. In this case, the theoretical curve that corresponds to A3 mechanism is best 
fitted in the  = 0.05 – 0.4 interval, whereas from 0.4 to 0.8, the crystallization is adjusted for the 
A3/2 mechanism. These results indicate a complex mechanism of three-dimensional growth of 
crystals with a constant number of nuclei (A3) in the surface of the glass particles, and 
subsequently volume crystallization, originated from the one-dimensional growth of needles by 
diffusion control (A3/2) from the surface to the interior of glass particles.  
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Figure 3. Theoretical (lines) integral master plots of g(α)/g(0.5) vs. α and the experimental master 
curve (symbols). 
      
As final remark, it can be said that the kinetic methods applied in this study indicate a complex 
crystallization mechanism that agrees with the results previously reported by Teixeira et al.
12
 i.e., 
the initial development of a crystallization shell that is composed of spherulitic crystal (three-
dimensional) followed by the growth of linear fibre-like crystals into the glass sample.  
 
5. Conclusions 
The complex crystallization mechanism of a wollastonite glass has been established from a 
non-isothermal kinetic study by means of differential thermal analysis. This study has allowed the 
determination of the activation energy (Ea), pre-exponential factor (A) and, when possible, the 
function of conversion (f( )). To assess the crystallization mechanism (single- and/or multiple-
steps), both the integral Kissinger-Akahira-Sunose (KAS) method and the differential Friedman 
isoconversional methods were used. The isokinetic temperature (Tiso) was determined from the 
Isokinetic Relationship, whereas the Isokinetic Parameters method was used to obtain both the 
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invariant activation energy (Eainv) and the pre-exponential factor (Ainv). To determine the f(α), the 
Master Plots (differential and integral) were applied. 
The activation energies, which were determined from the isoconversional methods, are in 
range 360-386 kJ/mol. These values agree with the Invariant Kinetic Parameters (IKP), which 
were obtained from the application of both integral (Eainv=362 kJ/mol) and differential (Eainv=386 
kJ/mol) methods. 
Isoconversional methods have revealed that the crystallization process occurs in two stages, a 
first step that has constant activation energy (single step mechanism) followed by a later step that 
is characterized by the variation of activation energy with the conversional degree (multi-step 
mechanism).  
Master plots indicate that the wollastonite crystallization takes place through a complex 
mechanism. In the  = 0.05 – 0.4 interval, the three-dimensional growth of crystals with a 
constant number of nuclei (A3) occurs on the surface of the glass particles. Later, in the  = 0.4 – 
0.8 interval, the crystallization is adjusted to the A3/2 mechanism, which means that one-
dimensional growth of needles occurs by diffusion control from the surface to the interior of glass 
particles.  
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